I.
INTRODUCTION
Two recent NASA earth-orbiting satellites, GEOS-3 and SEASAT-1, have carried pulsewidth-limited radar altimeters with provision for sampling a number of points in the individual radar return waveforms 1.
For these and similar systems, the mean return waveform is [1] thè convolution of: A) the average impulse response of the quasi-calm sea surface, B) the sea surface elevation distribution, and C) the radar system point-target response (transmitted pulse as affected by transmitter and receiver bandwidths;. The first term, A, includes effects of antenna beamwidth and off-nadir pointing angle; "quasi-calm" emphasizes that an incoherent surface scattering process is assumed but that the sea surface elevation distribution is separately written in B in the above convolution.
A number of papers have descr i hed the extraction of ocean significant waveheight (SWH) from altimeter waveform samples r2-7]. SWH is directly related to the second moment of the surface elevation distribution; there is also a preliminary altimeter measurement [5] of the surface skewness, related to the third moment of the surface elevation distribution.
All of these papers use the same basic procedure: a specific probability distribution form (usually a simple Gaussian) is assumed for the ocean This work was supported by the National Aeronautics and Space Administration, Wallops Flight Center, under Contract NAS6-2810.
GEOS-3 had 16 waveform sample-and-hold (S&H) gates at 6.25 nanosecond
spacing, while SEASAT-1 had 60 S&H gates at 3.125 ns spacing.
surface, amplitude and timing biases are removed from waveform sampler data if necessary, a suitable waveform sample averaging time is chosen, and the av-rage sampled mean return waveform is "best-fitted" by a theoretical template through some process of varying the template parameters until some typical least-squares error criterion is satisfiLsd 1 . In several cases [3, 7] differences between adjacent sampled waveform values
• are fitted to the derivative of the theoretical return waveform, but this is a n;in r or modification of the basic template-fitting procedure. In the general template-fitting, either a simplified form is assumed for the different convolution terms so that the final expression will be simple and suited to easy computer implementation and fast computer running time, or a more general, more complete template is used at the expense of having to do several numerical convolutions for each sample point within the linefitting process.
-' This paper presents general expressions for the radar mean return waveform for the case in which the ocean surface elevation distribution and the radar system point-target response can both be represented by a modified Gaussian form including skewness and kurtosis terms, and the antenna pattern can be assumed to be Gaussian in angle; these expressions
give the mean return waveform at the times of interest in the region of One exception to the template-fitting procedure is described in [II] in which Priester and Miller describe work intended to estimate the surface height probability density function without the necessity of assuming a specific functional form; this method is difficult to implement and interpret and will not be considered for purposes of this paper. The general square-law-detected waveform W(t) is given by the convolution W(t) = PFS(t)*qs(t)*sr(t)
where P FS (t) is the average flat-surface impulse response, q s (t) is related to the surface elevation probability density of scattering elements ("specular points"), and s r (t) is the radar system point target response which includes the transmitted pulse shape. Each of the three terms in (1) will be separately discussed; then through a small-argument series expansion for Brown's P FS (t), the W(t) of (1) will be expressed as a power series for which the first four terms are evaluated in this paper.
A.
Average Flat Surface Impulse Response Function
For cases of practical interest for satellite-carried radar altimeters, the flat surface impulse response is given by Brown's equation (9) as
in which
and
In (2), U(t) is a unit step function, Ir . ';l^s) is a modified Bessel function, and ^ is the off-nadir pointing angle. In (3) and (4), c is the speed of light, h is the satellite altitude, a-nd -y is an antenna beamwidth parameter defined as in Brown's equation (4) by a Gaussian t approximation to the antenna gain of the form
If a is the usual antenna beamwidth, i.e., the angular full-width at half-power points, (3) and (4) In previous work the ocean surface elevation density function qs(t) has been assumed to be skewed Gaussian form given in the time domain' by 
H 4 (z) = z 4 -6z 2 + 3, H 5 (z) = z 5 -1Oz 3 3 + 15z, and H6(z) = z 6 -15z 4 + 45z 2 -15.
The a in (9) is related to the significant waveheight (SWH) by SWH = 4(c /2)as in which the c/2 converts from ranging time to surface elevation, and the factor of 4 is from the definition of SWH as four times the rms waveheight; since SWH is related to a second moment, there is no sign change from the time-domain-observed to the surface elevation quantity.
Most of the radar altimeter SWH measurements to date have been based on the pure Gaussian resulting from setting a s = 0, but (9) is the general form used in attempts to recover a surface skewness [5] .
Equation (9) is the result from taking the first two terms only in the general Gram-Charlier series [11] . Recent work by Huang and
Long [12] , based on laboratory measurements of the surface elevation density function for a wind-generated wave field, suggests that (9) is an inadequate form for the surface elevation density, and that it is necessary to use the four-term series given by (12) qs(t) 2,r a_ 1 + 6s H3(t/US) + 24
where K s is the kurtosis with other quantities as already defined. The general waveform result to be derived in the following portions of this paper will be based on (12), but a s 2 terms will be kept separate from the ^s terms so that the final results can easily be converted to a surface elevation density of form (9) instead of (12) if desired.
C. Effect of Radar System Point Target Response
The radar system point target response s r (t) -is primarily the transmitted radar pulse shape but also includes effects of the bandwidths of the 'Lransmitter and receiver. When the system point target response is nearly Gaussian, the same general form can be used as already discussed for the surface elevation density, 
in which a, a, and K (with no subscripts) are the composite risetime, skewness, and kurtosis; these composite quantities can easily be shown to be related to the contributing surface elevation and point target quantities by
X = a s la s /, j) 3 + X (a r/a) 3 ,
and K = KS(as/a)4 + K r((5 r/ a ) 4 . (17)
In a practical radar altimeter, the waveform sampling gates will be positioned by a range tracker having its own range-noise (jitter) characteristics, and the probability density function of the tracker jitter must be included as an additional term in the convolutional description of the mean return waveform. For this paper the jitter will be assumed negligible in comparison to the other terms5.
Usually when the jitter can not be treated as negligible, it can be described by a near-Gaussian form with its own aj, x and K j and (15), (16) , and (17) will each have one additional term of the same form as the two terms already written. For instance, (15) will become a 2 = a s 2 + a r 2 + aj2.
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-a D.
Expansion and Solution for W(t)
The waveform W(t) is given by the convolution of the P FS ( t) of (2) with the B(t) of (14) given by expression 9.6.10 in [13] , To(z) = .1 (z2/4 )n ( 1 2 (19) n=o and this will lead to a term -by-term integration in (18) 
E 21 = (-2d -20) + (_1 + 24 )T,
D 30 = (-6X -9.\d 2 ) + (18 + 18Ad + 3ad 3 )7 -9ad 2.r 2 + (6 + Nd3)13, E 30 = (12 + 18ad + 2ad 3 ) -9ad 2 T + (6 + ad3)i2,
(^4 + 6 )T [14] , describes an attempt to treat this sidelobe structure by increasing the effective width of the Gaussian used to represent the transmitted pulse; however, a discussion of the full consequences of the actual SEASAT-1 transmitted pulse shape is beyond the scope of this paper. 
